Phase segregation on the nanoscale in Na2C6o 
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Na2C6o is believed to be an electron-hole counterpart of the Mott-Jahn-Teller insulator A4C60 
salts. We present a study of infrared, ESR, NMR spectroscopy, X-ray diffraction, chemical com- 
position and neutron scattering on this compound. Our spectroscopic results at room temperature 
can be reconciled in a picture of segregated regions of the size 3-10 nm. We observe a significant 
insulating Geo phase and at least two more phases, one of which we assign to metallic NaaCgo- 
The separation disappears on heating by jump diffusion of the sodium ions, which we followed by 
neutron scattering. Above ~460 K we see infrared spectroscopic evidence of a Jahn-Teller distorted 
Cg^ anion. 

PACS numbers: 64.75.-l-g, 71.70.Ej, 61.48.+C, 71.20.Tx 



I. INTRODUCTION 

The fullerene molecule, Ceo, has three degenerate low- 
est unoccupied molecular orbitals (LUMO) and is a good 
electron acceptor that forms mono- through hexaanions 
relatively easily. The physical properties of the salts 
formed by the fuUeride anions with alkali cations are in 
sharp contrast with a simplistic view of rigid-band fill- 
ing. Solid Ceo and AeCgo (with A=K, Rb) both have 
cubic structures and are non-magnetic band insulators 
with an empty and full band, respectively, derived from 
the LUMO orbitalsi A rigid-band model would suggest 
that all materials with partial filling (and the simplest 
possible cubic structure with one molecule per unit cell) 
must be either metals or magnetic Mott insulatorsi^ How- 
ever, this is not the case. A3C60 salts have a half-filled 
band and are metals that are superconducting at low 
temperature^ but none of the other compositions have 
a metallic ground state. Although the low-temperature 
properties of cubic ACeo salts are difficult to establish 
(Cgo ions polymerize below 400 K^), the magnetic sus- 
ceptibility of the monomeric forms at high temperature 
is characteristic of paramagnetic Mott insulatorsi^ The 
nonmagnetic insulators A4C60 (A = K,Rb,Cs) are the 
most thoroughly investigated series in this family. It was 
for these systems that the concept of the Mott-Jahn- 
Teller nonmagnetic insulator— has been put forward. 

The argument combining Mott localization and Jahn- 
Teller effect can be summarized as follows. In order 
to minimize molecular energy, Cqq ions undergo Jahn- 
Teller distortion and subsequent splitting of the LUMO 
levels. The Jahn-Teller splitting is usually much smaller 
than the bandwidth in a conventional solid, but Mott 
localization can lead to band narrowing and singlet 
ground states for evenly charged ions. Singlet-triplet 
excitations in such a model correspond to a small spin 
gap (w 0.05 eV)^ whereas charge excitations from one 



molecule to the next would cause a transport and opti- 
cal gap of 0.5 eViS The latter corresponds to the transi- 
tion between Jahn-Teller split levels of ti„ origin, which 
would be optically forbidden on the same molecule. 

Molecular calculationsiS show that the most significant 
Jahn-Teller distortion occurs for evenly charged ions Cg,^ 
and Cqq and involves elongation and flattening, respec- 
tively, along a three- or fivefold axis, leading to a fuUeride 
ion with D^d or D^d point group. External fields, e.g., 
the Coulomb potential of the cations, can stabilize a dis- 
tortion along a twofold axis, resulting in D2h symmetry. 
This is the case in orthorhombic Cs4Ceo'^^^ In K4C60 
and Rb4Ceo with average tetragonal structuroi^ a frus- 
tration exists between molecular and crystal symmetry. 
In these salts, there is experimental evidence for a Mott- 
Jahn-Teller insulator ground state with low-lying excited 
statesSiS and for the dominant role of molecular degrees 
of freedom over crystal field at higher temperatures in 
vibrational spectraii^ii^ 

The electronic structure of A2Ceo salts is related to 
that of A4Ceo by electron- hole symmetry and thus they 
should also be insulators with the Jahn-Teller distor- 
tion in Cg(^ ions lifting the degeneracy. Direct compar- 
ison is hampered by the fact that of the A2C60 family 
only Na2Ceo has been prepared so far, and its natural 
electron-hole counterpart, Na4Ceoj forms a polymer at 
room temperature^ Na2C6o, nevertheless, is considered 
as an ideal material to test the role of Jahn-Teller dis- 
tortions since in addition to the partial filling with an 
even number of electrons it crystallizes in a face-centered 
cubic structure above 319 Kfi2ii& where the threefold 
degeneration of both ti„ LUMO's and Ti„ vibrational 
transitions remains unchanged. Na2C6o has indeed been 
investigated by several authors2ii2i2& but findings and in- 
terpretations by different groups have been contradictory. 
A detailed NMR and ESR studji^ interpreted the temper- 
ature dependence of the spin susceptibility in the frame- 
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work of a Mott-Jahn-Teller singlet ground state with 
low-energy triplet excitations. The authors concluded 
that the similar behavior of bet K4C60 and simple cubic 
Na2C6o proves the dominant role of molecular distortions 
over that of the environment. The spin-lattice relaxation 
at low temperature indicated that the band degeneracy 
is not completely lifted and the ground state might be 
weakly metallic. Kubozono et ali^ interpret a sudden 
change at 50 K in the susceptibility and the Raman spec- 
trum as a sign of a metal-insulator transition. Reference 
I20I reports hysteretic behavior in the ESR spectra in the 
temperature range 300-400 K. 

In this paper, we suggest that Na2C6o is not a sim- 
ple electron- hole analogue of Cgg , but it is yet another 
example of inhomogeneous charge distribution on the 
nanoscale. Spatial inhomogeneity is not uncommon in 
fulleride salts. Metastable cubic CsCeo seems to be a 
non-magnetic insulator with a charge disproportionation 
into Cgg" ions and GgoMi^ Segregation of potassium ions 
into K3C60 within a continuous Cgo lattice has been ob- 
served for KCeo'^ Disproportionation may also play a 
role in A3C60: a dynamic charge fluctuation of CgQ ions 
into Cg^ and Cg^ would stabilize the metallic charac- 
ter (Ref. m. 23Na NMR and magic-angle-spinning 
NMR datckS^ in nominally NasCgo samples also suggest 
formation of distinct regions of fulleride ions with vari- 
ous charge states. In Na2Cgo, we present evidence from 
infrared, ESR and NMR spectroscopy and neutron scat- 
tering that Na+ ions are inhomogeneously distributed on 
the scale of a few lattice constants within the ordered Cgo 
lattice. This inhomogeneous distribution leads to at least 
two phases, one of which is Cgo and one metallic NasCgQ. 
The material appears homogeneous above ~460 K where 
Na diffusion is fast. 

Single phase alkali fulleride salts are difhcult to prepare 
and differences in experimental findings often arise from 
variations in composition. However, for Na2Cgo most 
groups report the same X-ray diffraction pattern. A well- 
defined orientational transition is observed at 319 KjiLi^ 
at room temperature and below the Cgo molecules are 
ordered in a Pa3 structure. The multiphase structure of 
Na2Cgo resolves the controversy between results of differ- 
ent groups: this controversy stems more from the varying 
sensitivity of specific experimental methods to the pres- 
ence of distinct phases than from variations in sample 
preparation. 



II. EXPERIMENTAL 

Na2Cgo was obtained by solid-state synthesis in inert 
gas atmosphere in a dry box. Stoichiometric amounts 
of Na metal and Ceo powder were heated in a stain- 
less steel capsule. The typical annealing sequence was 
first 23 days at 350° C followed by 7 days at 450° C. To 
homogenize the samples we reground them about once 
every five days. The progress of the reaction was moni- 
tored by X-ray diffraction (XRD) and room-temperature 



infrared spectroscopy. After the final step, XRD results 
were identical to those in the literatureii^ Within the 
spatial resolution of XRD, a single Pa3 phase with a 
lattice constant of 14.18 A was found. At this point we 
tested the high-temperature infrared spectrum as well, to 
prove that there is no residual Cgo present. The samples 
were handled in inert atmosphere (He, Ar or vacuum) 
throughout all the following preparation and measure- 
ment procedures. 

Infrared spectra were recorded on pressed KBr pellets 
in a Bruker IFS 28 FTIR instrument either in a cryo- 
stat under dynamic vacuum, or in argon atmosphere in a 
scaled sample holder with KBr windows, with 1 or 2 cm~^ 
spectral resolution. Samples for investigation by XRD 
were enclosed in glass tubes and those for NMR. ESR 
and SQUID in quartz tubes. 

The static susceptibility was measured by a Quan- 
tum Design MPMS-5S SQUID magnetometer between 
5 and 600 K. We extracted the susceptibility from fixed- 
temperature magnetization data between 1 and 5 T. The 
low-field part was omitted in order to get rid of spurious 
ferromagnetic contributions. 

High-frequency ESR spectra were measured on about 
20 mg of Na2Cgo powder in a home-built spectrometer 
operating at 225 GHz (corresponding to a resonance mag- 
netic field of 8.1 T). The 9 GHz spectrum was recorded 
with a commercial Bruker ELEXSYS 500 spectrometer, 
a, 7-bisdiphenylene-/3-phenylallyl (BDPA) was used as 
standard g-factor reference (g = 2.0025). 

NMR spectra were obtained by Fourier transformation 
of free induction decay (FID) signals. The FID signals 
were collected by a Tecmag Apollo HE spectrometer in 
8.9 T static magnetic field (corresponding ^^C frequency: 
95 MHz). The frequency scales used are fractional fre- 
quency shifts A/// from the standard reference solution 
of tetramcthylsilane (TMS) with positive shifts indicat- 
ing higher resonant frequencies. 

For neutron scattering measurements, 1.2 g of Na2Cgo 
powder was placed in an annular aluminum sample 
holder. Temperature-dependent elastic fixed-window 
scans (EFWS) were taken on both the sample and the 
empty sample container on the High Flux Backscat- 
tering Spectrometer of the NIST Center for Neutron 
Scattering^ The individual detector counts were nor- 
malized by the neutron monitor of the direct beam and 
binned into 5 K intervals to improve the signal-to-noise 
ratio. Background correction consisted of subtracting 
data measured on the empty sample container under sim- 
ilar conditions. These corrections never exceeded one 
third of the sample counts. 



III. RESULTS 

We investigated the samples of nominal composition 
Na2Cgo by infrared, ESR and NMR spectroscopy, direct 
measurement of chemical composition and neutron scat- 
tering. First we summarize the limits of quantitative de- 
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FIG. 1: (Color online) Left panel: infrared absorption of Na2C60 at 300 K and 485 K in the region of the principal Ceo 
vibrations. Right panel: temperature dependence of the intensity of the 1428 cm~^ line, characteristic of neutral Ceo- 



termination using the methods we combine in this study. 
Infrared spectra yield the vibrational frequencies of in- 
dividual fuUcridc anions, and reflect their charge and 
symmetry. While the intensity of a specific absorption 
peak assigned to a species (e.g., a molecular ion with a 
given charge) scales linearly with its concentration, the 
cross sections can differ considerably between species. 
In metallic systems, the free-electron background fur- 
ther complicates the spectra by smearing the vibrational 
peaks. ESR gives information on species with unpaired 
spins. The high-frequency resonances of various phases 
are well resolved and the relative spin susceptibilities can 
be determined. NMR intensities scale with the amount 
of the nucleus investigated, but in Cqq anions, the po- 
sition of the peaks does not shift enough with charge to 
be resolved. 

Taking into account all the limitations and combining 
the information from individual methods, we conclude 
that none of the results at room temperature is com- 
patible with the picture of a homogeneous material con- 
taining only Cgo" molecular ions. Below we describe the 
findings by individual methods in detail. 



A. Infrared spectroscopy 

Figurenshows the infrared spectra at 300 K and 485 K. 
There is an obvious difference between the two spectra, 
most remarkable in the range of the highest-frequency 
Ti„(4) mode. On cooling back from 480 K to room tem- 
perature, the original 300 K spectrum reappears after 
about two weeks. 

We discuss first the high-temperature spectrum which 



comfirms the assumption of a homogeneous Na2C6o 
phase and then the low-temperature phase which con- 
tradicts this assumption. 

Of the four infrared-active vibrations of Cgo , the high- 
est frequency Ti„ mode is most sensitive to charge n 
when Cgi^ anions are formed. From the empirical lin- 
ear relationship between the Ti„(4) frequency and 
we estimate the frequency in Cg,^ to be about 1380 cm~^, 
possibly with a splitting due to the molecular Jahn-Teller 
effectii^i^^ Indeed, above 460 K two bands are resolved at 
1369 and 1394 cm~^, close to the expected position of the 
Cg,^ absorption. The twofold splitting of the mode indi- 
cates D^d or D^d molecular symmetry, i.e., a Jahn-Teller 
distortion of molecular origin^ 

The room-tempcraturc spectrum (Fig. ^) shows a 
strong peak at 1428 cm~^, typical of neutral Cgo, and 
a smeared one with a weak peak at 1370 cm~^. The 
spectrum does not change on cooling between 300 K and 
80 K. The low-temperature spectra are in contradiction 
with expectations for a homogeneous Na^Ceo compound. 
The weak peak at 1370 cm~^ is at the position expected 
for NaaCeo. AaCgo salts are metallic and show less in- 
tense vibrational peaks due to the large background from 
free-carrier absorptioni2L2S 

The 1428 cm~^ mode cannot be assigned to unreacted 
residual Cgo since it disappears on heating above 460 K 
and reappears on cooling back in a reproducible manner. 
The data rather suggest that the material contains a mix- 
ture of fuUeride ions. We can positively identify neutral 
Geo molecules and Cgj^ ions at room temperature and be- 
low, and Cg^ dianions at higher temperature. We cannot 
tell from the spectra whether the different vibrational 
signatures come from isolated sites embedded in some 
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FIG. 2: (Color online) Decomposition of the 225 GHz ESR 
spectrum into lines corresponding to segregated phases at 40 
K. a) experimental spectrum and sum of three fitted lines; 
b) decomposition of experimental line into three segregated 
phases. 



FIG. 3: (Color online) Decomposition of static spin suscepti- 
bility into various phases from ESR. The absolute values of 
the susceptibility were determined from the static (SQUID) 
measurements. 



other matrix or from highly concentrated phases. How- 
ever, from the metallic background it is probable that 
the phase containing is a metal, presumably NaaCeo- 
We cannot exclude the presence of small amounts of other 
fuUeride anions at low temperature, either; their vibra- 
tional peaks may be buried in the background around 
1400 cm-i. 



B. Electron spin resonance and static susceptibility 

The static susceptibility measured by SQUID magne- 
tometry at 4 T shows three characteristic temperature 
ranges: i.) T<100 K: a Curie-like paramagnetic increase 
with decreasing temperature; ii.) 100 K < T < 300 K: an 
approximately constant susceptibility with x = 1-8 • 10~^ 
emu/gOe; and iii.) 300 K < T < 600 K: a continuous 
increase to about 6 • 10~^ emu/gOe. The zero value of 
the static susceptibility is not corrected for core electron 
effects. The temperature-dependent part of the suscep- 
tibility measured by ESR at 9 GHz in Ref. |^ shows the 
same three characteristic ranges. 

In the 225 GHz high-frequency ESR spectra, lines of 
three phases were resolved at all temperatures between 
5 and 450 K. In a conventional spectrometer at 9 GHz, 
these lines were not resolved; a single line of 9 G peak-to- 
peak derivative linewidth was found at 300 K. A 225 GHz 
spectrum taken at 40 K is shown as an example in Fig.|21 
We attribute the three lines to three different segregated 
phases in the nominally Na2C6o material. The ESR line 
intensities are proportional to the spin susceptibilities of 
the various phases and are shown in Fig.O The full ESR 
spectra were decomposed into three Lorentzian lines and 
the fractional intensities for each line i, Ii = Xi^i/^i 



(the spin susceptibility, Xii times the fractional volume, 
Vi) were determined. The temperature dependence of the 
full ESR intensity, C = E/^, was not measured directly, 
instead, we normalized the total ESR intensity data at 
each temperature to the static susceptibilities measured 
by SQUID. 

At low temperature (Fig. , the static susceptibility 
is dominated by a single phase (Phase 1) with a Curie- 
like susceptibility corresponding to 1.3% of C^q (or other 
spin 1/2) free radicals with respect to the entire Cgo con- 
tent of the sample. We denote by Phase 2 the phase 
with the largest ESR intensity at ambient temperature. 
Phase 3 has a smaller g-factor than Phases 1 and 2 and 
could be followed in a wide temperature range despite 
the small intensity. Since the corresponding susceptibil- 
ity does not vary strongly, it is possible that Phase 3 is 
metallic and may be assigned to the NasCgo observed by 
infrared spectroscopy. 

At about 450 K a structural transition takes place, the 
three low-temperature phases disappear and are replaced 
by a new phase (Fig. 0}. This is the same temperature 
region where the 1428 cm^^ infrared line decreases. The 
single Lorentzian line indicates an increased homogene- 
ity. The material is, however, still somewhat inhomoge- 
neous between 450 and 500 K since spectra on heating 
and cooling are different. On rapid cooling (2.5 K/min) 
the sample is quenched into a homogeneous metastable 
state. The original phase-segregated material reappears 
after about two weeks at room temperature. 

The main conclusion to be drawn from the ESR spec- 
tra is that in equilibrium the sample is inhomogeneous 
below 450 K. CgQ~ paramagnetic ions with different g fac- 
tors due to differing environments will show a single res- 
onance at an average g factor if exchange interaction en- 
ergies between them are larger than {Ag/g)tiu;L where 
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FIG. 4; (Color online) Temperature dependence of 225 GHz 
ESR line positions of nominal Na2C6o {g factor of Phase 1 
at 300 K: 2.0012). Full (empty) symbols refer to heating 
(cooling) . The three lines corresponding to various segregated 
phases merge into a single line on heating above 450 K indi- 
cating an increased homogeneity due to Na^ diffusion. On 
cooling to 300 K, a metastable phase is established that dis- 
appears after a few days. 



Ag is the difference in g factors and is the Larmor 
frequency. FuUeride metals or semiconductors with lo- 
calized Cgo" ions therefore exhibit a single hne from the 
conduction and localized electrons. Neighboring param- 
agnetic Cqq ions will not show separate resonances even 
if they are embedded in an insulator. Thus paramagnetic 
Cgo" ions in Phase 1 must be isolated from Phase 2 by 
nonmagnetic Cg,^ ions. The simplest assignment is that 
Phase 1 is solid neutral Cgo doped with a low concentra- 
tion of isolated Na"*" ions or small groups of Na+ ions. 
Phase 1 must be a non-negligible fraction of the mate- 
rial since it contains over 1% isolated free paramagnetic 
Cg,^ ions surrounded by a shell of nonmagnetic ions. We 
believe this phase is the neutral Cgo phase detected by 
^^C NMR containing a small concentration of Na"*" ions 
and ESR active Cgg. A mixture of Phase 2 and Phase 
3 appears to be the phase studied in detail by ^^C and 
23Na NMR and attributed to Na2C6o by Brouet et 
Above 450 K the Na+ ions diffuse rapidly in the crystal 
lattice and the sample becomes homogeneous. 



C. Nuclear magnetic resonance 

Infrared absorption measurements detected C^q 
molecular ions with various charge states below 460 K 
and high-frequency ESR experiments revealed several 
phases in nominal Na2C6o- The Cgo concentration can 
be determined using NMR spectroscopy. Figure [S] shows 
the ^'^C NMR spectrum of a powder sample at 300 K. 
With conventional repetition rates of about 1 s~^ we ob- 
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FIG. 5: NMR spectra at 300 K with two different repetition 
rates. At fast repetition rates only Ceo"^ ions with short 
spin-lattice relaxation time are recorded. At slow repetition 
rates the spectrum of neutral Ceo is also observed. 



serve a single NMR line around 178 ppm with chemical- 
shift anisotropy (shown in the lower panel of Fig. EJ- 
This spectrum is very similar to that already published 
by Rachdi et al^ With a much longer repetition time 
(250 seconds), however, a further line appears at 143 ppm 
(upper panel of Fig.E)), which we assign to neutral Cgpi^ 
As expected for pure Ceo, the ^'^C spin-lattice relaxation 
time is long, about 50 seconds at 300 K. We used a rep- 
etition time more than five times the Ti spin-lattice re- 
laxation time of this slowly relaxing spectral component 
to determine the spectral weights and estimate 25±5% 
neutral Cgo content in the material. This high value is 
in agreement with the determination of chemical compo- 
sition (see below). 

Unlike the three phases in high-frequency ESR spec- 
tra, only two are resolved by NMR. We assign these as 
containing neutral and charged Ceo, respectively, where 
the charged part contains a mixture of phases, including 
both NasCeo and Phase 2. The ^"^C spin-lattice relax- 
ation of charged Cgo" is many orders of magnitude faster 
than that of Ceo {Ti roughly 100 ms compared to 100 s), 
because of the hyperfine interaction with conducting elec- 
trons. The large difference in relaxation rates indicates 
that cross-coupling between nuclei in the charged and 
neutral phases is small, so these nuclei must be well sep- 
arated in space. More refined methods, e.g., magic angle 
spinning NMR, would probably be able to resolve more 
phases. 
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FIG. 6: Elastic fixed-window scan (EFWS) intensity of Na2C6o at Q = 1 A . Inset; Q dependence of the drop in EFWS 
intensity around 400 K (with empty circles indicating detectors obscured by Na2C60 diffraction peaks). 



D. Chemical composition 

In usual multiphase fuUeridc samples the simplest 
method to separate pristine Cgo from its salts is extrac- 
tion by toluenei^ We extracted Ceo from the nominally 
Na2Cgo material by soaking it in toluene for 11 days. 
Following this treatment, we determined the Cgo content 
of the solution by high-pressure liquid chromatography 
(HPLC). The weight percentage of Cgo can be calculated 
from the concentration of the Cgo solution and the weight 
of the starting material. To obtain the mole percentage 
of Ceo we assume that the material contains only one 
NaajCeo phase besides the Ceo phase, but we do not as- 
sume that the total stoichiometry of the material is nom- 
inal Na2C6o. If the Na-fuUeride phase in the material 
were NaCeo then the Ceo content would be 27 mole per- 
cent. The other extreme, Nai2C6o, would give 33 mole 
percent. This estimated composition of 27-33% Ceo is in 
reasonable agreement with the NMR results. 



E. Neutron scattering 

Diffusion of sodium was directly observed using neu- 
tron scattering. In this measurement, the incident neu- 
tron energy is fixed at 2.08 meV and scattering processes 
are detected near the elastic line within the energy win- 
dow of the resolution of the instrument (1 ficV). Thus 
when a dynamic process, such as sodium jump diffu- 
sion, becomes faster than the corresponding timescale of 



0.8 ns, the measured EFWS intensity decreasesi^ Fig- 
ure El shows the temperature dependence of the elastic 
line intensity at Q = 1 A . This intensity shows typ- 
ical Debye- Waller type decrease overall, but an unusual 
drop appears around 400 K over approximately 20 K. 
Our interpretation is that the jump diffusion of sodium 
ions between tctrahcdral and octahedral sites becomes 
fast enough above 400 K to be resolved by the instru- 
ment and thus the incoherent scattering contribution of 
the sodium ions is removed from the EFWS intensity. 
The EFWS intensity of the background is much smaller 
than that of Na2C6o and its temperature dependence is 
featureless. 

We can get an idea of the nature of the Na"*" motion by 
looking at the Q dependence of the anomalous drop of the 
EFWS intensity, shown in the inset of Fig. O The largest 
drop of the elastic intensity occurs near Q=:l.l A , 
which in a jump-diffusion model corresponds to a jump 
distance of 4.0±0.5 Ai^ The Q resolution is determined 
by the fact that the detectors of the spectrometer in- 
tegrate over 0.2 A regions in Q. Diffraction peaks of 
Na2Ceo^ between 0.5 A and 0.9 A and also between 
1.2 A and 1.6 A obscure the EFWS, as indicated by 
empty circles, so these points are less reliable and we 
cannot make further inferences from these data about 
the nature of the Na"*" jumps. 

Due to steric hindrance, the diffusion of Na"*" ions 
can only proceed through the trigonal point between the 
tetrahedral and octahedral voids, i.e., in the (111) direc- 
tion. In this direction, removed 4.0 A from the tetrahe- 
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dral site, there is an ofF-centcred octahedral site. This 
site is special because it has the same nearest-neighbor 
distances as the tetrahedral site, so that the Coulomb 
interaction between the Na^ cation and the fuUeride an- 
ions remains optimal. Occupation of low-symmetry oc- 
tahedral positions by Na^" ions was previously suggested 
by Schurko et al.^ based on ^-^Na NMR experiments on 
samples with nominal composition NaaCeo- 



IV. DISCUSSION 

All the results presented above can be reconciled if we 
assume a synproportion/disproportion reaction 

3^60 ^ Ceo + 2CgQ 

taking place on cooling after preparation from left to 
right and on heating from right to left. Combining the 
data, we can also draw quantitative conclusions as to the 
stoichiomctry, the size of the domains, and the time scale 
of the dynamics. 

ESR, infrared and NMR measurements all confirm the 
presence of neutral Cgo in the material. While the former 
two methods yield qualitative results, NMR also provides 
quantitative data. From NMR and chemical composition 
studies, we obtain the range for the Cgo content to be 
between 20 and 33 mole percent at room temperature. 
We illustrate an idealized picture of the fully nanoscgrc- 
gated phases in Fig. [T] consisting of 33% Cgo and 67% 
NasCgo- In reality at finite temperatures the reaction is 
probably not complete, partly because of entropy reasons 
and partly because the interfaces between the segregated 
regions must consist of fuUeride ions only partially sur- 
rounded by sodium ions. These interfaces may be re- 
sponsible for the additional ESR signal, the broad NMR 
line and the broad background of the infrared spectrum 
between 1350 and 1440 cm"-'^. 

The spectroscopic results apparently contradict the X- 
ray diffraction data which see the material as a single 
phase. We have to take into account, though, that while 
diffraction measures the average crystal structure, over 
a relatively large area, spectroscopy is sensitive to local 
structure, i.e., domains of a few molecules. X-ray diffrac- 
tion averages out inhomogeneities less than about 100 A, 
especially if the structure of the constituting phases is 
similar. In NaaCgo, the fuUeride ions occupy fee sites 
identical to those of Cgo molecules in a Cgo crystal, and 
the lattice constant of NaaCgo of 14.19 A is very close to 
that of Ceo, 14.15 A. 

The lower size limit of the homogeneous domains can 
be estimated from the metallic nature of the NaaCeo 
phase. For metallic behavior, a thickness of a few 
molecules is required. The lattice constants are about 
1.4 nm and the size of homogeneous domains has to be 
in the range of 3 to 10 nanometers. 

At high temperature the nanosegregatcd phase changes 
into a homogeneous phase by sodium diffusion in a more 




FIG. 7: (Color online) Schematic view of segregated regions 
with and without sodium ions. Estimated area of the regions 
is between 3 and 10 nm. 



or less unaltered Ceo lattice. We observed in the neu- 
tron scattering experiments that sodium ions jump from 
site to site on the time scale of 0.8 ns at 400 K. In a 
nanosegregatcd structure with mobile sodium ions, dif- 
fusion leads to homogenization. The extra electrons mi- 
grate along with the ions because of Coulomb attraction, 
eventually leading to charge equilibrium in the system. 
Once the diffusion rate is high enough to achieve this 
cqulibrium, the diffusion does not cause further charge 
migration and the material appears homogeneous by all 
spectroscopic methods. ESR shows a hysteretic phase 
segregation: on heating we observe segregated phases up 
to 450 K. Above 450 K there are no well separated con- 
ducting and insulating regions and the resonance is nar- 
rowed into a single line by electronic spin diffusion. This 
close-to-homogeneous phase is preserved for some time 
on cooling. A metastablc phase with a single ESR line 
is observed on cooling rapidly from 520 K to 300 K. In- 
frared spectra also show homogeneous charge distribution 
above 460 K, with indications of a metastablc phase sur- 
viving on the time scale of weeks after cooling to room 
temperature. 

The twofold splitting of the Tik(4) infrared line at 
high temperature suggests that the symmetry of the 
molecules in the homogeneous phase is D^d or D^d. 
At first sight, this symmetry seems to contradict the 
cubic crystal structure, but can be explained as fol- 
lows. Since in the high-temperature phase of Na2Ceo 
the molecules show quasifree rotatioufiii^ the distort- 
ing effect of the crystal field is averaged out. The ab- 
sence of crystal field, however, docs not mean that the 
shape of the molecule will stay spherical; it will be de- 
termined by the interaction of molecular vibrations with 
the two extra electrons occupying the LUMO (the molec- 
ular Jahn-Teller interaction) liii In case of dianions, the 
result is a set of equivalent D^^ or D^^ distortions in dif- 
ferent (symmetry-related) directions. These equivalent 
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distortions transform into each other by a special mo- 
tion called pseudorotation^ and their average will be 
icosahedral. (Tomita et al^ present a detailed explana- 
tion of the effect and provide experimental evidence from 
near-infrared spectroscopy of isolated CgQ ions.) Nev- 
ertheless, if the time scale of a measurement is smaller 
than that of the pseudorotation, the distorted structure 
will be detected. This must be the case of the infrared 
spectra. The high-temperature phase of Na2C6o is an- 
other example of the dynamical Jahn-Teller effect in ful- 
leride salts. The resulting symmetry strongly resembles 
that occurring in the high-temperature phase of A4C60 
compoundsfi^ proving the argument by Brouet et al. 
about the molecular interactions dominating over crys- 
tal field effects in both systemsi^ 



the CgQ anions undergo dynamic Jahn-TcUer distortion 
to D^d/Dbd symmetry. 

Our samples showed the same X-ray diffraction pat- 
tern, 9 GHz ESR spectrum and low retention time 
NMR spectrum as those investigated previously. We ex- 
panded these experiments to different measuring condi- 
tions and employed additional methods such as infrared 
spectroscopy, chemical composition determination and 
neutron scattering. All these experiments can be rec- 
onciled by assuming the nanosegregation model at low 
temperature and homogeneous Na2C6o at high tempera- 
ture. The results clarify the main reason for the contra- 
dictory results in the literature. They also underline the 
necessity of new experiments for the verification of the 
Mott- Jahn-Teller picture of insulating fuUeride salts. 



V. CONCLUSIONS 

We have presented ample evidence from a wide range 
of analytical and spectroscopic methods that the fuUeride 
salt with nominal composition Na2C6o at room tempera- 
ture forms nanosegregated domains with a large portion 
of Cgo (containing Na"*" ions in a low concentration) and 
other phases with high Na+ ion concentration, including 
metallic NaaCgo- We estimate the amount of Cgo in the 
material to be 20-33% at 300 K. A synproportion reaction 
takes place on warming, homogeneity is achieved by the 
diffusion of sodium ions. In the homogeneous material. 
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